1. Though the occurrence of intestinal mucosal uptake of intact peptides, with cellular hydrolysis to amino acids, has been established, the importance of this mode of absorption in protein absorption is not known. This paper describes a comparison of the rates of intestinal absorption of pancreatic hydrolysates of four proteins with . those of the corresponding acid hydrolysates or amino acid mixtures.
amino acid mixtures, and the avoidance of competition for transport between amino acids when peptides are presented (Matthews et al., , 1969 Cheng et al., 1971) suggest the possibility that peptide uptake might be a major mode of protein absorption in normal animals. However, the number of peptides that have been studied is extremely small in relation to the many thousands of possible oligopeptides (Matthews, 1971 a, b) , so that the results do not justify general conclusions. In the present experiments we have approached the problem by comparing rates of absorption of pancreatic hydrolysates of four proteins, which consist mainly of a mixture of small peptides, with those of amino acid mixtures or acid hydrolysates of similar composition. As the amino acid content of two of the proteins (lactalbumin and lysozyme) is accurately known, it was possible to make up amino acid mixtures of identical composition. With the other two proteins (casein and bovine serum albumin) the amino acid mixtures were prepared by acid hydrolysis of the proteins. This produces amino acid mixtures that are very similar in composition to the proteins, though not identical owing to degradative changes in a few amino acids, in particular cysteine, methionine and tryptophan. Preliminary communications have appeared (Gangolli, Simson, Lis, Crampton & Matthews, 1970; Crampton, Gangolli, Matthews & Simson, 1971) .
EXPERIMENTAL

Materials and methods
Animals and diet. Male rats of the Sprague-Dawley strain (200-250 g body weight) were used. They were allowed free access to Spillers' Laboratory Small Animal Diet and to water.
Materials. Bovine serum albumin fraction V (powder), lysozyme grade I, crude trypsin grade II from hog pancreas and L-amino acids were obtained from Sigma Chemical Co. Ltd, London, S.W.6, and IX-lactalbumin from Koch-Light Laboratories, Colnbrook, Bucks. Casein (light white soluble) and mannitol were obtained from British Drug Houses Ltd, Poole, Dorset. All other chemicals were of reagent grade.
Pancreatic digestion of proteins. Protein solutions (2%, wjv) in sterile water saturated with chloroform, adjusted to pH 7'0 and containing added crude trypsin (4%, wjw, of substrate protein) were incubated at 37°. The progress of proteolysis was determined by measuring the increase in free «-amino nitrogen by a colorimetric ninhydrin method (Matthews, Muir & Baron, 1964) and the incubation was continued until no further increase was found. This was taken as the end point for complete pancreatic digestion of the protein. After proteolysis, solutions were boiled for I min to sterilize them and deactivate the proteases.
Acid hydrolysis of proteins. Protein solutions in 500 vol. of 6 N-HCI were hydrolysed in sealed glass tubes at 110°for 24 h. The acid hydrolysates were evaporated to dryness under vacuum and the last traces of HCI removed by the method of McFarren & Mills (1952) .
Amino acid mixtures. These were prepared from L-amino acids to comply with the composition of lactalbumin and lysozyme (Dayhoff, 1969) .
Experimental procedure and analytical methods
The experiments were carried out on rats starved overnight, by using a slight modification of the method described by Matthews et al. (1968) . The animals were anaesthetized with ether, the abdomen was opened and a length of upper small intestine, selected within the region between 10 and 30 cm from the pylorus, cannulated and washed out with normal saline solution (NaCl, 300 mOsmoljl). Three loops, each approx. 5 em long, were isolated between ligatures and 0·25 ml of protein digest or amino acid solutions containing approx. 40 J.Lmol of total a-amino nitrogen adjusted to pH 7·0 was injected into two of the loops and iso-osmotic mannitol solution into the third loop (blank). To obviate possible effects of site on absorption rates, the loops chosen for the 'test' and 'blank' absorptions were taken in rotation; thus in a series involving three animals, the 'blank' would be first the proximal, then the middle and lastly the distal loop. After an absorptive period of 10 min the loops were excised, cut open and washed out with normal saline. The resulting solutions were at once heated to 100°for 1 min, cooled and made up to 10 ml. The total a-amino nitrogen after hydrolysis in 500 vol. of 6 M-HCl at 110°for 24 h and free a-amino nitrogen contents of the solutions were determined by the method of Matthews et al. (1964) . Absorption was calculated from the difference between the total amount of a-amino nitrogen introduced into the lumen of the intestinal loop and the total a-amino nitrogen recovered at the end of the experimental period and expressed as the percentage absorbed in 10 min. A correction was made for the a-amino nitrogen content of the 'blank' loop. Recovery experiments with solutions of Phenol Red as described by Matthews et al. (1969) gave a mean recovery of 98 ± 1'2% (n = 6).
Peptide and amino acid 'mapping'. This was carried out by the high-voltage electrophoresis and chromatography technique of Katz, Dreyer & Anfinsen (1959) as modified by Custer (1969) , by using a Gilson High Voltage Electrophoretor model D.
Free amino acid nitrogen. This was determined by the method of van Slyke, MacFadyen & Hamilton (1941) .
Total nitrogen. This was determined by the micro-Kjeldahl method.
RESULTS
Pancreatic hydrolysis ofproteins
An investigation of the time-course of the digestion of casein with crude trypsin showed that complete pancreatic hydrolysis took 40 h. The incubation periods required for complete pancreatic digestion of bovine serum albumin, lactalbumin and lysozyme were 48, 62 and 180 h respectively (Table 1) . The a-amino nitrogen compositions of complete pancreatic TABLB 1. z-Amino nitrogen composition of the complete pancreatic digests of casein. bovine serum albumin, lactalbumin and lysozyme; estimated average peptide length digests of the four proteins (Table I) showed that the digests contained 22'9-33'6% of free amino acids and 66'4-77'1 % of peptides. From these values an approximate estimate of the average peptide lengths in the four proteins, calculated by the method of van Slyke et al. (1941) , showed that the peptides contained two to six amino acid units.
Intestinal absorption studies
In the first series of experiments the absorption of acid hydrolysate of casein was compared with that of pancreatic hydrolysates (Fig. I) . The results showed that the absorption of the pancreatic hydrolysates increased with the degree of pancreatic digestion and that the complete (40 h) pancreatic digest was absorbed to the extent of62± 1'4% (Table 2 ) in 10 min. However, in the case of the acid hydrolysate, over the same period, only 46 ± 2'1 % was absorbed.
In the next series of experiments we investigated intestinal absorption from complete pancreatic digests of the three proteins bovine serum albumin, lactalbumin and lysozyme, and from the corresponding acid hydrolysate or, with lactalbumin and lysozyme, the equivalent amino acid mixtures. The results (Table 2) show that with all four proteins the absorption from the pancreatic digests was significantly higher than, and up to twice as rapid as, that from the equivalent acid hydrolysates or amino acid mixtures over a 10 min absorptive period.
Results of experiments carried out over longer absorptive periods (20 and 30 min) with bovine serum albumin and lactalbumin are shown in Fig. 2 . These are consistent with those obtained over the 10 min period. After 30 min the tryptic digests had virtually disappeared from the lumen, whereas an appreciable amount of the amino acids remained.
Peptide 'mapping' studies
'Fingerprint' profiles of peptides and amino acids were obtained for the complete tryptic digests of the four proteins and for the residues remaining in the intestinal lumen after an absorptive period of 10 min. A detailed examination of the composition of the constituent peptides was not undertaken. However, visual comparison of the 'fingerprint' profiles of the tryptic digests before and after absorption showed that during absorption there was both a diminution in the intensity and a decrease in the number of ninhydrin-reacting spots (Fig. 3) . Few additional spots indicating the liberation in the intestinal lumen of smaller peptides or amino acids appeared.
DISCUSSION
The end-products of pancreatic digestion of proteins in vitro are complex mixtures of oligopeptides of mean chain length ranging from about two amino acid units for bovine serum albumin and casein to about six for lysozyme, and free amino acids, the amino acids accounting for approximately one-third of the total nitrogen. For reasons given below, it cannot be assumed that such mixtures are identical with the digestion products normally presented to the intestinal mucosa for absorption, but it has been shown that during protein digestion the intestinal lumen contains a mixture of peptides and amino acids with a high proportion of oligopeptides of two to six amino acid units (Chen, Rogers & Harper, 1962; Dawson, Holdsworth & Porter, 1964; Snook & Meyer, 1964; Fern, Hider & London, 1969; Nixon & Mawer, 1970) . The present results show that mixtures of oligopeptides and amino acids produced by pancreatic hydrolysis in vitro are absorbed considerably faster than amino acid mixtures of similar or identical composition. The previous finding that a number of individual peptides are absorbed more rapidly than the equivalent amino acid mixtures thus appears to exemplify a general phenomenon. The present findings are not explicable in terms of rapid hydrolysis of oligopeptides to amino acids in the intestinal lumen or at the brush border followed by uptake of amino acids from free solution. They indicate mucosal uptake of intact peptides on a large scale and show that the small intestine may have a higher capacity for absorption from small peptides than for absorption of amino acids.
The results of comparison of 'fingerprint' profiles of pancreatic hydrolysates before and during absorption show an important difference between the characteristics of absorption of these complex mixtures and the absorption of high concentrations of single di-and tri-peptides. In experiments with single peptides 'back-diffusion' of free amino acids into the lumen is frequently extensive (Newey & Smyth, 1959 Craft et al., 1968; Matthews et al., 1969) . The absence of obvious accumulation of free amino acids in the intestinal lumen in the present experiments shows that this phenomenon is not prominent under more physiological conditions. An interesting feature of the results is the length of time taken for digestion to small peptides and amino acids by pancreatic proteases in vitro. The slowness of protein digestion by digestive proteases in vitro has previously been remarked (Fisher, 1954) . It is difficult to reconcile this with the rapidity of protein absorption in vivo, since there is no evidence that the intestinal mucosa can take up peptides of more than a few amino acid units. However, it has been shown that the initial stages of tryptic digestion of protein, to fragments of molecular weight under 5000, including some free amino acids, are very rapid (Crane & Neuberger, 1960; Nixon & Mawer, 1970) , and it is probable that in vivo further breakdown of these fragments to small peptides of two or three amino acid units and amino acids takes place rapidly through the action of peptidases in the brush border (Peters, 1970) . The possibility of even more rapid hydrolysis to small peptides and amino acids by the concerted action of brush-border peptidases and pancreatic proteases adsorbed at the brush border (Ugolev, 1965 (Ugolev, , 1968 Goldberg, Campbell & Roy, 1969; Woodley & Kenny, 1969) has also been suggested.
Several earlier observations have suggested that mucosal peptide uptake plays an important part in protein absorption, though in some cases their importance has only recently become apparent. Messerli (1913) reported that 'peptone' was absorbed more rapidly than an acid hydrolysate of casein. Cajori (1933) observed that intraluminal hydrolysis to free amino acids was much too slow to account for absorption of protein in this form. Gupta, Dakroury & Harper (1958) showed that casein and beef proteins were absorbed from the intestinal tract of the rat at the same rate as an amino acid mixture which, though not identical in composition with the protein, had the same nitrogen content. This suggests either (1) that intraluminal digestion of proteins to amino acids was extraordinarily rapid or (2) that the amino acid mixture was absorbed less rapidly than the end-products of gastric and pancreatic digestion (amino acids plus peptides). In man Crane & Neuberger (1960) showed that small doses of whole protein were absorbed so rapidly in relation to the rate of proteolysis by pepsin and trypsin in vitro that complete intralumen hydrolysis to amino acids seemed unlikely, though their results did not rule out complete hydrolysis near the surface of the mucosal cells. Nixon & Mawer (1970) concluded that for several amino acids, intralumen hydrolysis was too slow to account for absorption in the free form and that experiments using amino acid mixtures simulating a protein did not give a true picture of protein absorption. The present results strongly support the hypothesis that mucosal uptake of small peptides plays a significant part in protein absorption under normal conditions.
